Ion-neutral chemical reactions are important in several areas of chemistry, including in some regions of the interstellar medium, planetary atmospheres, and comets. Reactions of CCl + with C 2 H 2 are measured and the main products include c-C 3 H 2 + and l -C 3 H + , both relevant in extraterrestrial environments. Accurate branching ratios are obtained, which favor formation of c-C 3 H 2 + over l -C 3 H + by a factor of four.
I. INTRODUCTION
Chlorine containing compounds have been found to exist in extraterrestrial environments including the dense and diffuse clouds of the interstellar medium (ISM). Interest in chlorine chemistry in these areas was initially fueled by detection of HCl, HCl + , and H 2 Cl + in these areas. However, these small molecules are acknowledged to account for only a minor fraction of the overall chlorine abundance. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] More recently, CH 3 Cl was detected towards the low mass protostar IRAS 16293-2422 and comet Churyumov-Gerasimento. 11 Organohalogens, including CF + have been detected in these remote environments, but their overall chemical roles are not completely understood. A possible reservoir containing both carbon and chlorine is the carbon monochloride cation (CCl + ). CCl + has been proposed as an intermediate in the overall chlorine cycle in diffuse clouds, although its overall abundance is not known. The major predicted pathways to CCl + formation are through reactions of C + with HCl and H 2 Cl. 1, 2, [12] [13] [14] [15] [16] [17] Previous kinetic measurements, mainly using ion cyclotron resonance (ICR) spectrometry and selected ion flow tube (SIFT) techniques, found CCl + to be stable and non-reactive. 1, 2, 18 Products were observed for reactions with NH 3 , H 2 CO, CH 3 Cl, CHCl 3 , CCl 4 , CHCl 2 F, and CHClF 2 . 1,2,18 However, with NO, H 2 , CH 4 , N 2 , O 2 , CO, and CO 2 , no reactions were observed. 1, 2, 18 Although only a few reactions with relevant interstellar species have been measured, it is conceivable that CCl + could undergo reactive collisions with varying neutrals, such as acetylene (C 2 H 2 ; previously detected and thought to be abundant). [19] [20] [21] [22] [23] Reactions of CCl + with neutral carbonaceous species would likely produce larger carbocation species. ionizing radiation is more prevalent, and the role of its cation has been speculated as its probable precursor. Insight into additional formation pathways of these fundamental carbocations could prove useful for refining chemical models that rely on energetic and electronic information.
Understanding the details of these and other ion-neutral chemical reactions benefit from studies at low temperatures and are beginning to be explored using new experimental techniques. In particular, trapped Coulomb crystals have become increasingly popular as a way of studying cold ion-neutral chemical reactions. [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] Here, the reactant ion is sympathetically cooled to low translational temperatures by elastic collisions with co-trapped laser-cooled calcium ions. This technique allows for controlled interrogation of cold ion-neutral reactions over long timescales.
To characterize the CCl + cation and its reactivity in remote environments, we have measured the reactive pathways of gas-phase CCl + with C 2 H 2 in a linear Paul ion trap (LIT) coupled to a time-of-flight mass spectrometer (TOF-MS). The coupled ion trap enables cotrapping of sympathetically cooled CCl + with laser cooled Ca + . This creates a controlled environment to study reactions with C 2 H 2 that may be present is some areas of the ISM, planetary atmospheres, or comets. The reaction of CCl + + C 2 H 2 leads to a possible pathway to the formation of c-C 3 H 2 + and l -C 3 H + and to a measurement of the branching ratio of these two products. Complementary electronic structure calculations are used to aid in the discussion of the experimental results.
II. EXPERIMENTAL METHODS
Kinetic data for the reactions of CCl + + C 2 H 2 were recorded at different interaction time steps by monitoring the masses of all ions present in a custom built LIT radially coupled to a TOF-MS. Details of the apparatus have been described previously, 33 Other computational studies on CCl + itself recommend using multireference methods. [46] [47] [48] [49] The computational cost of using multireference methods for the larger potential energy surface would be prohibitive, therefore we use the CCSD/aug-cc-pVTZ level of theory, which gives reasonable agreement with previously published computational and experimental data for CCl + and C 2 H 2 separately. [46] [47] [48] [49] [50] Reported CCSD(T)/CBS energies should be accurate to within 0.04 eV. Computations were compared to previous theoretical work and experimental data where available for the reactants and products in order to determine the best level of theory to determine accurate energetics. DFT and CCSD calculations were performed using both the Gaussian 16 and the Psi4 version 1.3.2 computational packages. 51, 52 Relaxed potential energy scans for the complexes at the M06-2X/aug-cc-pVTZ level of theory were undertaken using Gaussian 16.
IV. RESULTS AND DISCUSSION
A. CCl + + C 2 H 2 reaction measurements 
Several other product channels were explored theoretically, however, their endothermicities were significantly greater than the calculated average collision energy (greater than 1 eV above the reactant energies), and therefore disqualified from the discussion of products. In addition, the l -C 3 H 2 + isomer could contribute to the m/z 38 signal, however, the pathway is endothermic by about 0.08 eV, making it very unlikely to be formed (see Equation 2 ).
As shown in Figure 2 , the initial ionic products that are formed as CCl + reacts away are Experimental reaction rates are determined by fitting the reaction data, shown in Figure   2 to a pseudo-first-order reaction rate model; the fits are represented by solid lines. For the formation of intermediate and secondary products, the model is explicitly defined as:
where the product ions of C 3 H + (m/z 37), C 3 H 2 + (m/z 38), and C 5 H x + (x=2,3, and higher; m/z ≥ 62) at time t are normalized with respect to the number of CCl + (∼ 100) ions at t = 0.
Rate constants are estimated using the measured concentration of neutral C 2 H 2 , which is measured using a Bayard-Alpert ion gauge ≈ 5(1) × 10 6 cm 3 . It should be noted that the uncertainty quoted here is statistical, there is larger systematic uncertainty introduced by using an ion gauge in the 10 −10 Torr regime. The resulting reaction rates and rate constants are given in Table I . These calculated rate constants are on the order of the rate calculated using Langevin collision theory, 1.07 × 10 −9 cm 3 s −1 . Species 
Cl loss
The favored products, c-C 3 H 2 + + Cl, are obtained through a barrierless dissociation pathway, with the products residing about -0.15 eV below the reactants. The c-C 3 H 2 + isomer is favored over the l -C 3 H 2 + isomer by about 0.23 eV (22 kJ/mol) and the barrier to rearrangement from linear to cyclic has been calculated in previous studies to be between 1.62-1.75 eV. 58 Indeed, it may be possible that both isomers are present, however, as noted above the l -C 3 H 2 + + Cl products are slightly endothermic, by about 0.08 eV, making it very unlikely to be formed.
HCl loss
The other intermediate product channel, forming l -C 3 H + through HCl loss, goes through the same cyclic intermediate as the Cl loss channel [2] . From the cyclic minima, several rearrangements are required before eventually losing neutral HCl from l -C 3 H + . A few shallow minima were found where the HCl moiety rearranges along the conjugated pi-system of l -C 3 H + , the lowest energy isomer is shown [6] . The structures and energies (CCSD/aug-cc-pVTZ) of these different isomers are given in the Supplementary Information.
The experimentally observed branching ratio favors c-C 3 H 2 + over l - 
V. CONCLUSIONS
The reaction of C 2 H 2 with sympathetically cooled CCl + was examined using a linear Paul ion trap coupled to a TOF-MS. Although CCl + has been previously predicted to be non-reactive, it is clear that collisions with C 2 H 2 result in either Cl or HCl loss. The primary products formed from these two loss channels are the astrochemically relevant c-C 3 H 2 + and l -C 3 H + , respectively. The rate constants measured for the formation of the two primary products are on the order of those predicted through Langevin modeling. Furthermore, the Cl loss channel, occurring through a barrierless dissociation pathway, is favored by a factor of four compared to HCl loss channel, which requires several rearrangements before losing
HCl.
The theoretical work presented in this study would benefit from further exploration at a higher level of theory, possibly with multireference methods to characterize CCl + and its initial complexation with C 2 H 2 . In addition, kinetic modeling, possibly using RRKM theory, would be beneficial for a comprehensive comparison to experimentally measured branching ratios.
In future work, we plan to explore further the reactivity of CCl + with other astrochemically relevant neutrals. In addition, a natural extension to this work would be to study similar reactions of CCl + with more control over the neutral reactant, using state-selected molecular ions from a traveling wave Stark decelerator. 59, 60 This will allow further study of ion-neutral reactions in low temperature regimes, where the internal quantum states and external motion can be controlled with high precision.
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